Heat shock protein 90 (Hsp90) is a molecular chaperone with many oncogenic client proteins. The small-molecule Hsp90 inhibitor alvespimycin, a geldanamycin derivative, is being developed for various malignancies. This phase 1 study examined the maximum-tolerated dose (MTD), safety and pharmacokinetic/pharmacodynamic profiles of alvespimycin in patients with advanced acute myeloid leukemia (AML). Patients with advanced AML received escalating doses of intravenous alvespimycin (8-32 mg/m 2 ), twice weekly, for 2 of 3 weeks. Dose-limiting toxicities (DLTs) were assessed during cycle 1. A total of 24 enrolled patients were evaluable for toxicity. Alvespimycin was well tolerated; the MTD was 24 mg/m 2 twice weekly. Common toxicities included neutropenic fever, fatigue, nausea and diarrhea. Cardiac DLTs occurred at 32 mg/m 2 (elevated troponin and myocardial infarction). Pharmacokinetics revealed linear increases in C max and area under the curve (AUC) from 8 to 32 mg/m 2 and minor accumulation upon repeated doses. Pharmacodynamic analyses on day 15 revealed increased apoptosis and Hsp70 levels when compared with baseline within marrow blasts. Antileukemia activity occurred in 3 of 17 evaluable patients (complete remission with incomplete blood count recovery). The twiceweekly administered alvespimycin was well tolerated in patients with advanced AML, showing linear pharmacokinetics, target inhibition and signs of clinical activity. We determined a recommended phase 2 dose of 24 mg/m 2 .
Introduction
Molecular chaperone proteins, including heat shock proteins, serve to protect cells from damaging stress signals. 1 One particular chaperone, heat shock protein 90 (Hsp90), likely has a vital role in the survival and propagation of neoplastic cells through high-affinity binding to critical oncogenic proteins, resulting in stereochemical stabilization of these client proteins and protection from proteasomal degradation. [2] [3] [4] The benzoquinone ansamycin geldanamycin derivatives are smallmolecule inhibitors of Hsp90, being developed in a variety of malignancies. 5, 6 Alvespimycin (17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG) KOS-1022) is a water-soluble analog of tanespimycin (17-allylamino-17-demethoxygeldanamycin (17-AAG)). When compared with tanespimycin, alvespimycin has higher potency against Hsp90, longer plasma half-life and oral bioavailability. 7, 8 Because of the high incidence of activated Hsp90 client proteins in acute myeloid leukemia (AML), we undertook a phase I study to delineate the safety and biologic profile of alvespimycin in advanced AML.
The primary objective of this study was to define the maximum-tolerated dose (MTD) and recommended phase II dose of intravenous alvespimycin administered for 1 h on days 1, 4, 8 and 11 every 3 weeks in patients with advanced AML. Safety, toxicity, responses and plasma pharmacokinetics of alvespimycin were also evaluated, as well as its pharmacodynamic effect on Hsp90, Hsp70 and other client proteins and on apoptosis in bone marrow and peripheral blood blasts.
Patients and methods

Eligibility and treatment protocols
Protocol for this open-label, multicenter, phase I dose escalation clinical trial was approved by the institutional review boards of participating centers, and informed consent was obtained from all patients in accordance with the Declaration of Helsinki.
Patients X18 years old with advanced or high-risk AML, including accelerated or blast-phase chronic myeloid leukemia, were eligible. Other inclusion criteria included Eastern Cooperative Oncology Group performance status p2, serum bilirubin p1.5 Â upper limit of normal, alanine transaminase and aspartate transaminase p2.5 Â upper limit of normal and serum creatinine p2.0 mg per 100 ml. After cardiac toxicity was observed in two patients treated at 32 mg/m 2 , the protocol was amended to include additional entry restrictions: patients were required to have normal entry troponin levels, left ventricular ejection fraction X40% by multigated radionuclide angiography or echocardiogram, baseline corrected QT interval of o450 ms for men and 470 ms for women and no left bundle branch block. Patients with previous allogeneic hematopoietic stem cell transplantation were excluded, but patients with previous autologous transplant at least 4 weeks before study entry were eligible. above, screening echocardiograms or multigated radionuclide angiographies were obtained. Bone marrow aspirate and biopsy were obtained within 28 days of entry, and cytogenetics and FLT3 (Fms-like tyrosine kinase 3) status were determined whenever possible. Additional studies (for example, computed tomography scans for extramedullary disease) were performed when clinically indicated.
Study design
Groups of three patients were sequentially assigned to alvespimycin cohorts, beginning at 8 mg/m 2 , given on days 1, 4, 8 and 11 every 3 weeks. The initial dose (8 mg/m 2 ) was based on safety data in a different phase I clinical trial of intravenous alvespimycin administered twice weekly. 9 Toxicities were classified according to the National Cancer Institute Common Toxicity Criteria version 3.0. Dose-limiting toxicity (DLT; assessed during or after cycle 1 only) was defined as: (1) any non-hematologic toxicity of grade X3 considered unrelated to underlying disease or tumor lysis syndrome persisting for X14 days (the occurrence of any clinically significant grade X3 toxicity, however, was labeled a DLT regardless of duration); (2) grade 3 nausea and/or vomiting that persisted for at least 48 h despite the use of adequate/maximal medical intervention and/or prophylaxis; and (3) grade 4 neutropenia or thrombocytopenia persisting beyond day 42, in the absence of detectable leukemia. After the occurrence of two events of cardiac ischemia in the final cohort, the protocol was amended to define as DLT any (new) occurrence of atrial dysrhythmia, grade 3-4 QTc prolongation, or any troponin-I elevation. If DLT occurred in 1 of 3 patients, the group was expanded to 6 patients. If no further toxicity was observed, 3 patients were enrolled at the next dose level. Doses were doubled until DLT occurred in at least one patient, after which dose escalation proceeded using a modified Fibonacci schema. MTD was defined as the dose level below the one in which two or more DLTs occurred. Once the MTD was established, this cohort was expanded to 12 patients.
Treatment schema
After pretreatment evaluations, patients received alvespimycin intravenously for 1 h on days 1, 4, 8 and 11 every 3 weeks. Single-use vials containing 10 mg of lyophilized alvespimycin as the hydrochloride salt, with citrate buffer and mannitol, were reconstituted with 2 ml of Sterile Water for Injection, United States Pharmacopoeia (USP) to yield a 5 mg/ml solution that was further diluted in 0.9% sodium chloride injection, USP or 5% dextrose in water, and USP to a concentration between 0.1 and 1 mg/ml. Premedications were not required.
Safety and tumor response assessment
Patients were evaluated twice weekly during cycle 1 and at least every 3 weeks during subsequent cycles. Hematology, coagulation function, biochemistry and troponin T or I laboratory values were determined on days 1 and 8 in each cycle.
According to the protocol amendment (see above), electrocardiograms were obtained before and after infusion on days 1, 4, 8 and 11 during cycle 1. Bone marrow aspirates were performed on days 8 and 15 of cycle 1 and between days 15 and 21 in subsequent cycles. Clinical responses were assessed after each cycle. Responses in AML patients were categorized based on the International Working Group for AML response criteria, 10 and responses in accelerated and blast-phase chronic myeloid leukemia were based on previous recommendations. 11 Responding patients were permitted to continue protocol therapy for up to 6 months, subject to safety and tolerability. Patients with progressive disease were removed from the study.
Pharmacokinetics
To determine plasma alvespimycin levels, we obtained blood samples at the following time points on day 1: (1) before infusion, (2) at 30 and 55 min after the start of infusion, (3) at 5, 15, 30 and 60 min after the start of infusion, (4) at 2, 3, 4, 5, 6, 24, 48 and 72 h after the start of infusion and (5) at the same time points but only up to 24 h on day 11. We analyzed these levels using a liquid chromatography/tandem mass spectrometry method. In brief, 50 ml of plasma was mixed with 200 ml of acetonitrile containing 4 ng/ml KOS-1761 (an alvespimycin analog) as an internal standard. Samples were filtered through a 0.22-mm filter, and 10 ml of each filtrate was injected onto an liquid chromatography/tandem mass spectrometry system consisting of a Shimadzu HPLC (Shimadzu Scientific Instrument, Columbia, MD, USA) and a Waters Quattro Premiere triple quadrapole mass spectrometer (Waters Corporation, Milford, MA, USA). A 2.1 Â 50 mM RP-Max column (Phenomenex, Torrance, CA, USA) separated alvespimycin from other interfering analytes in plasma. The bioanalytical method was validated to quantify alvespimycin from 0.2 to 500 ng/ml, with a lowest limit of quantification of 0.2 ng/ml.
Noncompartmental pharmacokinetic analyses were performed on individual plasma concentration versus time data after doses 1 and 4. WinNonlin version 5.2 (Pharsight, Mountain View, CA, USA) was used for all computations. Dose proportionality was assessed by a power model: area under the curve (AUC) ¼ adose b in which a is the intercept and b is the slope on a log-log scale. Drug accumulation was assessed by AUC 25Dose4 /AUC 25Dose1 in patients with paired data, in which AUC 25 is the AUC from time zero to 25 h after the commencement of infusion.
Pharmacodynamics
The effects of alvespimycin on marker and client proteins, including Hsp90, Hsp70, Akt and p-Akt and on drug-induced apoptosis, were measured, when possible, in leukemic blasts from bone marrow and peripheral blood. Bone marrow aspirate samples were obtained before treatment, after treatment on day 8, and again on day 15 during cycle 1. In patients with adequate numbers of circulating leukemic blasts, peripheral blood was collected at the following time points: cycle 1/day 1 (pre-dose and at 4, 24 and 48 h after the dose) and cycle 1/day 11 (predose and at 4 and 24 h after the dose).
Intracellular proteins were measured as previously described.
12 White blood cells in peripheral blood or bone marrow were counted, and cell density was adjusted to 2 million cells/ml with phosphate-buffered saline. Cells were first stained with antibodies to the CD19, CD3 and CD34 cell surface markers (Becton Dickinson, San Jose, CA, USA) by 15 min incubation, followed by fixation with formaldehyde and permeabilization with a phosphate-buffered saline-buffered saponin-based permeabilizing solution (Intraprep Permeabilization, Beckman Coulter, Fullerton, CA, USA). Cells were then incubated with primary antibodies against the Hsp90, Hsp70, Akt and p-Akt intracellular proteins (Cell Signaling, Danvers, MA, USA), and washed and incubated with a phycoerythrinconjugated secondary antibody against the primary antibody. Finally, cells were washed and resuspended, and fluorescence data were acquired using a FACSCalibur flow cytometer (Becton Dickinson). Before data acquisition, standardization was performed with QuantiBRITE phycoerythrin beads, reconstituted with 1 ml of flow phosphate-buffered saline. A minimum of 5000 cells in each gated subpopulation were acquired and analyzed on the FACSCalibur.
Analysis gates were placed on the target populations, and percentages of cells staining with specific antibodies were evaluated using Flow-Jo software (Tree Star, Ashland, OR, USA). Flow cytometry output was also converted to antibodies bound per cell with Flow-Jo software.
Apoptosis was evaluated by measuring changes in mitochondrial potential using DePsipher (Trevigen, Gaithersburg, MD, USA). In brief, mitochondrial potential was measured by adding 0.5 ml of DePsipher (Trevigen) after lysing red blood cells and incubating samples at 37 1C in 5% CO 2 for 20-30 min. Cells were then washed with phosphate-buffered saline and analyzed immediately on FACSCalibur. Co-staining with CD14 and CD34 was also performed. White blood cells were isolated using double-density Histopaque 1119 and 1077 (Sigma-Aldrich Inc, St Louis, MO, USA) to isolate both mononuclear and polymorphonuclear cells.
All associations between pairs of numerical variables were assessed through Wilcoxon matched pairs test using statistical software (StatSoft, Tulsa, OK, USA).
Results
Patient characteristics
A total of 24 patients entered the study. The patient characteristics are summarized in Table 1 . The median age was 72 years, and most patients had been extensively treated before enrollment, with a median of two previous induction regimens. In all, 23 patients had AML and 1 had chronic myeloid leukemia in blast phase. Two patients had previously untreated AML and were deemed unsuitable candidates for conventional therapy. Out of the remaining 22 patients, 19 (86%) entered the study with refractory leukemia, having had no response to the most recently administered therapy. All 24 patients received at least one dose of alvespimycin.
Alvespimycin dose escalation
At the initial dose (8 mg/m 2 ), no patients experienced DLT. The dose was doubled to 16 mg/m 2 , again without evidence of DLT. The dose was again doubled to 32 mg/m 2 , and both patients enrolled at this level experienced DLT (see 'Safety Evaluation' for details). After treatment of three more patients at 16 mg/m 2 without DLTs, the dose was increased to 24 mg/m 2 ; 11 patients were enrolled at this dose. Because two patients had DLTs at 32 mg/m 2 , the MTD for alvespimycin administered twice weekly for 2 of 3 weeks was determined to be 24 mg/m 2 .
Safety evaluation
Safety assessments were performed in all patients who received at least one dose of alvespimycin. Adverse events, irrespective of causality, are summarized in Table 2 . Febrile neutropenia, fatigue, diarrhea and nausea were the most frequent toxicities, with 42% of patients experiencing at least one of these. There were no apparent differences across dose groups with regard to the distribution of adverse events among organ systems. Cardiotoxicity was noted in two patients in cycle 1 at 32 mg/m 2 and was considered dose limiting. One patient had a fatal myocardial infarction on day 7 of cycle 1. Autopsy revealed an acute myocardial infarction superimposed on a previous myocardial infarction estimated to have occurred 1 week earlier. The patient had an extensive cardiac history, including congestive heart failure, hypertension and cardiomegaly. The second patient developed low-grade troponin I elevation during cycle 1 (day 5), along with nonspecific ST and T wave changes on electrocardiogram. These findings occurred in the setting of systemic infection, rapidly progressive AML and a history of cerebrovascular disease and diabetes mellitus. This patient also had had troponin I elevation after administration of standard chemotherapy several weeks before alvespimycin. A third patient in the 16 mg/m 2 cohort experienced transient grade 1 atrial fibrillation, considered a DLT per protocol, after the second dose of alvespimycin.
Pharmacokinetics
All 24 patients provided blood samples for pharmacokinetic evaluation. Representative pharmacokinetic alvespimycin concentration-time profiles in patients who received 24 mg/m 2 alvespimycin are presented in Figure 1a (day 1 vs day 11). Plasma alvespimycin concentrations increased during infusion, with the maximum (C max ) reached at the end of infusion. Concentrations then declined in a multiphasic manner, having an initial rapid distribution phase followed by a slow elimination phase with a mean half-time of approximately 25.7 h (range 13-54 h, cycle 1, day 1). Table 3 summarizes pharmacokinetic parameters by noncompartmental methods. Mean drug clearance and volume of distribution at steady state after dose 1 were 23 l/h and 720 l, respectively. Interpatient variability was observed in all dose groups (at the recommended dose of 24 mg/m 2 , the coefficient of variation percent was 54% after the fourth infusion). Because blood sampling was obtained up to 72 h after the first infusion, greater precision exists for pharmacokinetic parameters (AUC from time zero to time infinity (AUC inf ) and half-time) compared with the fourth infusion (extrapolation for AUC inf at the recommended dose was 9.4% and 31.3%, respectively). Dose proportionality was assessed using log-log regression of dose with C max and AUC inf . Although considerable variability existed among subjects, dose proportionality could not be ruled out for C max , as the 95% confidence interval for the slope ranged from 0.4697 to 1.3250. Increases in AUC inf were less than dose proportional, with 95% confidence interval ¼ 0.0546-0.8048. The drug accumulation ratio was 1.44 in 15 patients who had paired pharmacokinetic data when comparing day 1 versus day 11 at identical doses.
Pharmacodynamic results
Up to 7 paired (pretreatment/day 15) bone marrow aspirate samples were available for pharmacodynamic analyses. As measured by mitochondrial potential in CD34 þ cells, median apoptotic levels were higher on day 15 than pretreatment, although this analysis was limited by only three patients with serial samples at both baseline and day 15 (22 vs 8%, P ¼ 0.027; Figure 2 ).
To confirm target Hsp90 inhibition within bone marrow cells, we measured Hsp70 levels, based on the knowledge that Hsp70 levels increase in response to Hsp90 inhibitor (17-AAG) interactions with Hsp90. 13 At day 15 compared with baseline, median Hsp70 levels were higher in bone marrow CD3 In patients with circulating blasts, changes in intracellular p-Akt levels within peripheral blood CD34 þ cells, before and after treatment (4 h), were not detected (data not shown). Limited viable samples precluded evaluation of correlations between Hsp90 inhibition and alvespimycin dose or plasma levels.
Clinical activity
Clinical activity was observed in 4 of 17 evaluable patients. Three patients had complete remission with incomplete blood count recovery (CR i ; including two patients with complete remission without platelet recovery (CR p )), and one additional patient had 450% bone marrow blast reduction, later proceeding to allogeneic stem cell transplantation. Interestingly, two of the three patients with CR i had 7q deletion noted at baseline cytogenetic analysis, whereas the 3rd patient had normal cytogenetics. The three CR i responses occurred after one cycle of alvespimycin at 8 (n ¼ 1), 16 (n ¼ 1) and 24 mg/m 2 (n ¼ 1) and were maintained for 2, 5 and 11 cycles, respectively. It is noteworthy that all three patients with CR i had refractory or relapsed disease after two or three previous induction chemotherapy regimens. FLT3 was wild type in two of the responding patients and unknown in the third.
Discussion
Hsp90 client proteins, including FLT3, c-Kit, Akt and mitogenactivated protein kinase, are frequently upregulated or constitutively activated in acute leukemias and may contribute to adverse outcomes in AML.
14-19 Specifically, internal tandem duplication mutation of FLT3, producing a constitutively activated receptor tyrosine kinase, has been associated with adverse prognosis. [16] [17] [18] C-kit mutations can adversely affect prognosis in patients with core-binding factor leukemias. [20] [21] [22] In addition, heat shock proteins, including Hsp90, may be preferentially overexpressed in neoplastic cells. 23, 24 As such, therapeutic targeting of Hsp90 may disrupt critical client protein signaling networks, providing a potentially important means of interrupting several key signaling pathways critical to neoplastic cell survival. Given the complexity and redundancy of aberrant signaling networks in acute leukemias, Hsp90 is an attractive therapeutic target, because of its association with many client proteins that may simultaneously contribute to propagation and survival of the malignant cell. Recent data indicate that simultaneous upregulation of multiple signaling intermediates may adversely affect outcome and response to therapy in AML. 15 Indeed, the relative lack of single-agent activity of signal transduction inhibitors in acute leukemias, perhaps due to resistance mechanisms related to upregulation of other signaling pathways, 25 speaks of the importance of targeting multiple pathways.
In this phase I trial, we assessed the safety and biologic profile of the geldanamycin analog alvespimycin, administered twice weekly to patients with advanced leukemias. Overall, the drug was well tolerated, with MTD determined to be 24 mg/m 2 on a twice-weekly dosing schedule. The primary DLT was cardiac ischemia, which occurred in two patients with previous cardiovascular events, making direct attribution to alvespimycin difficult. The mechanism underlying potential alvespimycinrelated cardiac ischemia is not readily explained, and such toxicity was not observed in previous studies with this class of agents. The pharmacokinetic profile of alvespimycin on a twiceweekly schedule suggested moderate drug accumulation after four doses, consistent with a half-life of 13-54 h in our study and 10-32 h reported previously. 9 The prolonged half-life and large volume of distribution of alvespimycin imply that a twiceweekly or weekly dosing schedule may be adequate for the desired pharmacological response. An important objective of this study was the detection of target inhibition and modulation in leukemia cells. In seven paired bone marrow samples, Hsp70 induction (a marker of Hsp90 inhibition) 7, 8, 13 was observed on day 15, suggesting Hsp90 inhibition by alvespimycin. Limited paired marrow samples, however, precluded an accurate determination of the amount of alvespimycin exposure necessary to inhibit Hsp90. In addition, apoptosis, as measured by change in mitochondrial potential within a very limited number of patient samples, seemed to increase within leukemic marrow CD34 þ cells at day 15 compared with baseline, suggesting alvespimycin-related pro-apoptotic effect. Future, larger studies of this class of compounds will need to more thoroughly determine how efficiently the inhibitors will downregulate critical Hsp90 client-protein pathways within leukemic blasts and how such dowregulation affects leukemic cell survival.
Three patients, all with extensive previous treatment, achieved CR i , indicating clinical activity of alvespimycin in AML. Patients with responding or stable disease received multiple cycles, suggesting that this compound can be administered chronically. Although this study provided no clear indication of the degree of target inhibition necessary for response, it was interesting that two patients whose AML showed del(7q) karyotype achieved CR i . This observation of clinical activity, along with the ability to administer the drug chronically, should lead to future clinical studies of alvespimycin in AML as well as additional preclinical work to study potential molecular targets within the 7q mapping region that may associate with the effect of Hsp90 inhibition.
In summary, alvespimycin is well tolerated up to 24 mg/m 2 , inhibits Hsp90 in bone marrow cells and shows signs of clinical activity, warranting continued study in this disease. To this end, new-generation, non-geldanamycin Hsp90 inhibitors with improved oral bioavailability and antitumor potency are being developed and introduced into the clinic for a multitude of malignancies, including acute leukemias. Optimizing the use of Hsp90 inhibitors, including alvespimycin, will require further insight into the dependency of individual tumor types on Hsp90-dependent client proteins, determination of the necessary timing and length of target inhibition and development of rationally based combination therapies in selected groups of patients.
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